Because x-ray based image-guided vascular interventions are minimally invasive they are currently the most preferred method of treating disorders such as stroke, arterial stenosis, and aneurysms; however, the x-ray exposure to the patient during long image-guided interventional procedures could cause harmful effects such as cancer in the long run and even tissue damage in the short term. ROI fluoroscopy reduces patient dose by differentially attenuating the incident x-rays outside the region-of-interest. To reduce the noise in the dose-reduced regions previously recursive temporal filtering was successfully demonstrated for neurovascular interventions. However, in cardiac interventions, anatomical motion is significant and excessive recursive filtering could cause blur. In this work the effects of three noise-reduction schemes, including recursive temporal filtering, spatial mean filtering, and a combination of spatial and recursive temporal filtering, were investigated in a simulated ROI dose-reduced cardiac intervention.
INTRODUCTION AND PURPOSE:
Fluoroscopy based image guided vascular interventions are widely used for treating several disorders such as stroke, arterial stenosis, and aneurysms [1] [2] . Some of the common endovascular image-guided interventional procedures (EIGI's [3] ) are angiography, balloon angioplasty, stenting, and Trans-Aortic Valve Replacement (TAVR). While these procedures are minimally invasive, the x-ray exposure to the patient could cause harmful effects such as cancer, cell or tissue damage. An optimal balance between clinical utility of x-ray radiation and its harmful effect to the patients is needed.
Attenuator 1

Previously, a novel patient dose reduction technique involving a combination of Region of Interest (ROI)
fluoroscopy [4] [5] and spatially-different temporal filtering was presented [6] [7] [8] . Figure 1 demonstrates the concept of dose reduction. An x-ray attenuator (a Kodak Lanex screen) with a circular opening in the middle for the ROI [10] is placed on the x-ray tube, to reduce the amount of x-rays reaching the patient and hence the detector in the peripheral region. This results in an image with differential brightness as shown in Figure 2 .
In order to equalize the brightness in the image, a pre-acquired mask (of the ROI attenuator) is subtracted from the input images [6] [7] [8][10] [11] . The resulting image ( Figure 3 ) has a higher noise in the periphery (region A in Figure 3 ) compared to the ROI (region B in Figure 3 ). In order to reduce the excessive noise in the periphery, a recursive temporal filter with higher filter weight (α) in the periphery was applied using the following equation [6] [7] [8] .
Use of temporal filtering in the periphery may introduce acceptable lag without impacting quality within the ROI where the intervention is occurring. The technique was proposed and previously tested for neuro-interventions, where motion of anatomical features is minimal [6] [7] [8] . The purpose of this present work is to evaluate the performance of this dose and noise reduction technique in cardiac interventions where there is significant anatomical motion due to the beating of the heart as well as human respiration. 
METHODS:
In order to simulate the longitudinal motion of the aortic anatomy due to the heart beat, a linear stage stepper motor assembly (Velmex Inc, Bloomfield, NY) was used. A LabVIEW (National Instruments, Austin, Texas)
code was written to communicate with the motor to control the speed and the distance of the motion, to achieve an equivalent rate of 60 beats per second. To simulate the aortic arch a rubber tube was mounted on the linear stage assembly. In order to simulate the patient attenuation a uniform phantom using a combination of solid-water and acrylic blocks were used. A standard state-of-the-art flat panel detector was used as the primary imaging device. To reduce the incident dose a ROI attenuator (a stack of 4 layers of Kodak Lanex screens containing gadolinium with a 1.5cm diameter circular aperture and an attenuation factor of 6 times at 70 kVp spectrum) was placed on top of the collimator. The images were acquired using custom-built acquisition software, CAPIDS [12] . Figure 4 shows the experimental setup.
Placement of a coronary stent (Express 2, 5.0mm diameter fully expanded and 28mm long, Boston Scientific, Marlborough, Massachusetts) was used to simulate a cardiac intervention procedure and it was deployed under dosereduced ROI fluoroscopy. Two sets of images of the deployed stent were acquired: set1 with the linear stage switched on, and set 2 with the linear stage switched off. The brightness difference in the raw input images seen in Figure 5 was corrected by log-subtracting a pre-acquired mask of the ROI attenuator ( Figure 6 ). ,.
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RESULTS:
Two rectangular regions, inside and outside the ROI, were selected (see Figure 8 ) to calculate Signal to Noise (SNR) ratios of the brightness corrected image for the three different filtering schemes mentioned above. For this calculation the linear stage was switched off (no movement). The noise reduction filters were applied only to the periphery region. The filter weights were varied to achieve similar SNR for the rectangular region in the periphery as compared to the rectangular region inside the ROI. Table 1 shows the different SNR's for different filtering schemes. The SNR within the rectangular region inside the ROI was calculated to be 37.6. By using the recursive temporal filtering scheme with a filter weight of 0.74, or the spatial mean filtering scheme with a kernel size of 5 x 5, similar SNR's within the rectangular region in the periphery were achieved. A combination of spatial filtering with a kernel size of 3 x 3 and recursive temporal filtering with a weight of 0.3 also resulted in a similar SNR within the rectangular region in the periphery. Figure 9 shows the noise reduced image using recursive filtering, Figure 10 shows the noise reduced image using spatial mean filtering and Figure 11 shows the noise reduced image using the combination of spatial and recursive temporal filtering. Figure 6 for different filtering schemes. The filter was applied only in the periphery. By varying the filter weights in the periphery, the SNR in the periphery can be increased to values similar to within the ROI In order to quantify the effect of different filter schemes on moving anatomy, the linear stage was turned on, and images of the moving tubing as well as the stent were acquired (x-ray exposure pulse width 6ms and frame rate 10fps)
. The noise in the periphery of the brightness-corrected images was reduced using different filtering schemes with different weights and kernels given in Table 1 . The surface distribution of a small region around the stent marker (see Figure 12 ) was plotted for each filtering scheme and its corresponding weights are highlighted in green in Table 1 . 
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l'i Figure 13 shows the surface plot for the unfiltered image. Figure 14 shows the surface plot for spatial filtering with a 5 x 5 kernel and Figure 17 shows the corresponding image of the marker. Figure 15 shows the surface plot for recursive temporal filtering with a weight of 0.78 and Figure 18 shows the corresponding image of the marker. Figure   16 shows the surface plot for the combination of spatial (3 x 3 kernel) and recursive filtering (0.3 weight) and Figure   19 shows the corresponding image of the marker. From Table 1 it can be seen that both temporal recursive filtering and spatial filtering can produce the same S/N ratio by reducing noise in the periphery; however, comparing Figure 10 with Figure 9 it can be seen that, while temporal recursive filtering maintains the spatial resolution, spatial mean filtering decreases the spatial resolution.
However, when there is motion it can be seen from the surface distribution plot in Figure 15 and the corresponding image of the marker in Figure 18 , that temporal recursive filtering introduces lag (see the significant spread of the marker in the direction of motion), while from the plot in Figure 16 and the corresponding image of the marker from Figure 17 , it can be seen that, by using spatial mean filtering, the peaks (or sharp features) are blurred. Compared to neuro-vascular interventions, cardiac interventions encounter significant anatomical movement due to the beating heart and respiration. Under such circumstances using recursive filtering in the periphery could significantly introduce lag, and hence misinformation. Using high spatial filtering results in significant degradation of the image, and also as the kernel size increases calculation time increases.
By combining both spatial and recursive filtering, the noise in the periphery can be reduced, at the cost of minimal loss in spatial resolution and minimal lag. Referring to Table 1 and Figure 10 it can be seen that the noise can be reduced without significant loss in spatial resolution. From the surface distribution plots in Figure 16 and the corresponding image of the marker in Figure 19 and comparing it with the surface plot in Figure 13 , it can be seen that, while the noise is reduced, the signal peaks in the marker are still maintained and not blurred out or smoothed out.
CONCLUSION:
Using a combination of spatial and temporal recursive filtering to reduce quantum noise in the periphery during ROI imaging could result in patient dose reduction with acceptable loss in image quality in the periphery even in the presence of anatomical motion such as in cardiac interventions. A determination of the optimal recursive filter weights and kernel dimensions for clinical cardiac interventional procedures still needs to be further investigated.
Using the combination of spatial and temporal filtering to reduce noise in the peripheral regions when ROI fluoroscopy is used in image-guided interventions which involve significant anatomical motion is a novel concept presented here for the first time.
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